Cells of a cloned line of murine virusinduced erythroleukemia were stimulated to differentiate along the erythroid pathway by dimethyl sulfoxide at concentrations that did not inhibit growth. A rise in the number of benzidine-positive normoblasts was accompanied by increased synthesis of heme and hemoglobin and a decrease in the malignancy of the cells. This action of dimethyl sulfoxide, which was reversible, may represent the derepression of leukemic cells to permit their maturation.
The opportunity to explore the possibility that leukemia is a disease resulting from a block in the process of maturation of hematopoietic cells has been provided by established tissue culture lines of murine virus-induced erythroleukemic cells (1) (2) (3) . These cells, which grow in suspension, have continued to exhibit a limited degree of differentiation along the erythroid line throughout their 4-year serial passage history. Although they synthesize hemoglobin (4, 5) , they are malignant as tested by bioassay in syngeneic hosts. They produce virus which, although low in leukemogenic activity, is a highly effective immunizing agent (6) .
During the course of studies to determine the effect of superinfecting these cells with Friend leukemia virus, dimethyl sulfoxide (DMS0) was added to the medium. DMS0 had been demonstrated to enhance infectivity of both poliovirus RNA (7) and mengovirus RNA (8) , as well as transformation by polyoma virus (9) . It is also known to stabilize enveloped viruses (10) . The wide range of biological activities of DMSO has been described (11) . The present report de- scribes an effect of DMSO on the differentiation of established lines of murine virus-induced leukemic cells and illustrates still another property of this compound.
In the dose-response experiments initially set up to determine the toxicity of DMSO on the leukemic cell lines, a striking effect on the differentiation of these cells was noted. Of the cells allowed to grow in medium containing 2% DMS0 for 4 days, a majority of the erythroblasts had matured to normoblasts which stained benzidine-positive (B+). The increase in the number of cells maturing along the erythroid series in DMS0-containing medium was accompanied by an increase in the amount of hemoglobin synthesized.
MATERIALS AND METHODS
The origin of the cell lines of murine Friend leukemia virusinduced leukemic cells and their clonal derivatives has been described previously (1, 2) . Methods for maintaining the cell culture, cloning on semisoft agar, and the medium were also detailed in these earlier reports.
The present experiments were done on a clone designated (12) , then counterstained with Leischman, and the percent of benzidine-positive (B+) cells was determined.
For malignancy tests, the cells were inoculated subcutaneously into 8-week-old DBA/2J SPF mice of either sex (Jackson Laboratory).
The techniques for studying iron metabolism in these cells are described elsewhere (5) . In brief, cells grown in medium containing ferrous (59Fe) citrate (0.15 ,uCi of 59Fe per ml) at an iron concentration of 6.8 X 10-9 M were washed in saline, lysed by freezing and thawing, and analyzed for iron as: intracellular iron (radioactivity of the total lysate), heme iron (cyclohexanone-extractable radioactivity after acid dissociation of heme and globin), and hemoglobin iron (radioactivity of B+ bands, separated by discontinuous acrylamide gel electrophoresis, of hemoglobin precipitated with (NH4)2S04 between 60 and 85% saturation). When the cells were centrifuged for staining, it was noted that the cell pellets of the cultures exposed to DMSO became increasingly tinted with time. By the 4th day, the pellets were pink to red because of the presence of hemoglobin, whereas the control pellets were almost colorless.
In the cultures treated with 2% DMSO no clear-cut morphologic changes were detected for the first 48 Fig. 2A) , whereas normoblasts were numerous in the treated cultures (Fig. 2B ). These maturing cells were smaller, had condensed nuclei, and had a lower nuclear to cytoplasmic ratio than the cells from the control cultures.
Electron microscopic studies (manuscript in preparation) of the control and DMSO-treated cells revealed a marked difference in the number and association of ribosomes. Single ribosomes were numerous in the control cells, whereas fewer were seen in the treated cells, whose ribosomes often appeared 
Iron metabolism
The effects of DMS0 on the rates of cellular iron accumulation and of iron incorporation into heme and hemoglobin are shown in Fig. 4 . As compared to the control cells, the accumulation of iron in the DMS0-treated cells was lower than in the controls for the first 72 hr, after which it was greatly and reproducibly stimulated. The stimulatory effect on heme and hemoglobin synthesis occurred earlier: it was apparent by the 48th hour for heme and by the 72nd hour for hemoglobin. By the 72nd and 96th hours respectively, there was a 20-and 60-fold stimulation in heme and a 12-and 40- fold stimulation of hemoglobin synthesis in the treated cells as compared to the untreated cells. Fig. 5 illustrates the absorption spectra of the hemoglobin extracted from cells that had been grown in DMS0-supplemented medium. The spectra obtained from these cell ly-
Influence of other factors
While DMSO has thus far proved to be the most efficient inducer of erythroid differentiation in our leukemic cell lines, other factors that might influence erythropoiesis have been explored. Some effect was observed by adding steroids to the medium or by altering the conditions of growth. For example, in a series of 2-step experiments in which the cells were first grown in serumless medium (13) for 4 days and then transferred to the complete medium with 15% fetal calf serum for an additional 4 days of growth, differentiation was induced. Heme production was stimulated 2-3 times and hemoglobin synthesis 10 times over the control cells during the second step.
DISCUSSION
The murine virus-induced leukemia under study is always associated with an erythropoietic response in vivo and has been thought to resemble the erythremic myelosis seen in diGuglielmo's disease in man (3) . The cells of the mass culture derived from the leukemic tissues, as well as the cells of cloned lines, are capable of performing specific functions characteristic of their normal erythrocytic counterparts, i.e., they synthesize heme, which is utilized to produce measurable amounts of hemoglobin. The hemoglobin present in these cells has been identified by its histochemical staining properties, peroxidase activity, incorporation of 59Fe, absorption spectrum, and characteristic migration pattern during discontinuous electrophoresis on polyacrylamide gels. The electrophoretic pattern of hemoglobin bands appears to be (4, 5) . In the present report, DMSO, at concentrations that did not appreciably inhibit cell replication, has been shown to induce a high percentage of the cells to differentiate along the erythroid pathway in vitro. Exposure of the cel s to DMSO for 1 hr followed by transfer to DMSO-free medium was sufficient to "trigger" the synthesis of hemoglobin. In the treated cultures, the increase in the number of benzidine-positive cells was always correlated with an increase in the amount of hemoglobin synthesis. The effect-as measured by morphologic and histochemical alteration, by increased synthesis of heme and hemoglobin, and by a change in the growth pattern when assayed in syngeneic mice-was clearly discernible after 96 hr and correlates with data on the kinetics of maturation of erythroid cells (14, 15) .
Electron-microscopic examination of the cells revealed that both control and DMSO-treated cells had viruses budding from the membrane surfaces. Whether the properties of virus from the treated cells are altered remains to be determined. Single ribosomes appear to predominate in the control cells and clustered ribosomes in the form of triads and tetrads are abundant in the treated cells. Similar differences between ribosomes of maturing erythroid cells before and during hemoglobin synthesis have been described (16, 17) .
The survival curves of mice receiving treated or untreated cells suggest that the normoblasts in the DMSO-treated cultures may have lost their malignancy. Approximately 15% of the population of the DMSO-treated cells bioassayed remained at the blastic benzidine-negative stage and these are presumed to have given rise to the observed tumors. This is indicated by the finding that the survival time of the mice inoculated with 5 X 104 control cells was similar to that of the mice inoculated with 5 X 10$ treated cells.
Dimethyl sulfoxide may stimulate differentiation of the leukemic cells directly or indirectly through one or several of its known biological activities by affecting synthesis of nucleic acids and proteins (18) (19) (20) (21) (22) (23) (24) (25) (26) . It could presumably act also by altering the intracellular concentration of low molecular weight compounds (27) (28) (29) (30) and by affecting the secondary and tertiary structure of macromolecules (31) (32) (33) (34) (35) .
Of particular interest was the report of Schrek et al. on the difference in cytocidal effect of DMSO on normal and leukemic lymphocytes (36) . DMSO at a concentration of 2% was more cytotoxic in vitro to human lymphocytes from patients with chronic lymphocytic leukemia and from AKR leukemic mice than to normal control lymphocytes.
In studies with fibroblasts of strain IL929 exposed to DMSO, Berliner and Ruhman (37) observed a sensitivity pattern somewhat analogous to that described here. The fibroblasts in 1% DMSO grew at a rate similar to that of the controls, but proliferation was suppressed at 3 or 5%. Cells transferred from medium containing growth-inhibiting concentrations of DMSO to control medium grew normally and showed no evidence of increased resistance to a second exposure to DMSO. This reversibility of inhibition parallels the findings in the leukemic cell system in the present study.
Dimethyl sulfoxide has also been observed to affect maturation and pigmentation of fungi. Sproston and Setlow (38) The observation that differentiation can be induced among the leukemic cells by transfer to complete medium after an initial period of "starvation" in serumless medium cannot be interpreted at present. It is interesting to note that axon outgrowth on neuroblastoma cells occurs after the removal of serum from the culture (42) and differentiation of slime molds can be induced by starvation of the plasmodium (43) .
The possibility that the regulatory mechanisms that control differentiation and malignancy are similar has been considered (44 46 nd,,/ \S~~~~~~---------Vol. 68, 1971 _-
